SUPPORTING INFORMATION

Additional Figures S11
Sample Gaussian 09 Input File S12
References S29
S2
Methods
Safety Statement
While no unexpected or unusually high safety hazards were encountered, it should be noted that 22 Na is radioactive and when working with radioactive materials, care should be taken to keep exposure to radiation as low as reasonably achievable.
Materials
Stock solutions of approximately 0.5 M La(NO 3 ) 3 , Pr(NO 3 ) 3 , Sm(NO 3 ) 3 , Gd(NO 3 ) 3 , Dy(NO 3 ) 3 , and Tm(NO 3 ) 3 were prepared by dissolving 99.9% pure solid lanthanide(III) nitrate
hydrates from Sigma Aldrich in 0.001 M HNO 3 , to prevent hydrolysis. A stock solution of 3 M NaNO 3 was prepared by dissolving ACS grade NaNO 3 in water. All non-radioactive solutions were standardized by inductively coupled plasma optical emission spectroscopy (ICP-OES) prior to use. For radiotracer experiments, radioactive 22 Na was purchased from PerkinElmer as a 1 mCi/mL solution of 22 NaCl and used as received. TODGA was used as received from
Marshallton Research Laboratories, and dissolved in 99+% n-dodecane from Alfa Aesar to make a 0.25 M stock solution.
Solvent Extraction Studies
The 0.25 M TODGA solution was pre-equilibrated with water prior to all distribution experiments. Aqueous solutions at the desired lanthanide concentrations were prepared from the stock solutions for all samples such that the initial aqueous concentration of HNO 3 Tables S1 and S2 . For each non-radioactive extraction sample, 1 mL each of an aqueous phase and a preequilibrated 0.25 M TODGA organic phase were combined in a plastic centrifuge tube and contacted on a vertical rotating wheel in a thermostated incubator maintained at 21 °C. Samples were allowed to rotate until equilibrium was reached, at least one hour. Samples were centrifuged for five minutes at 3000 rpm to separate the phases, and aliquots taken from each phase for analysis. Metal concentrations in both phases were determined using ICP-OES.
Aqueous phase samples were prepared for analysis by adding a small sample of the separated aqueous phase aliquot directly to a 4% HNO 3 solution. Organic phase samples were prepared by stripping the metal from the organic phase aliquot three times with equal volumes of 0.01 M HNO 3 . These solutions were combined and the HNO 3 concentration adjusted to 4% HNO 3 for analysis by ICP-OES.
In radiotracer experiments to determine the extraction of Na for a subset of the conditions explored in non-radioactive experiments, 0.6 mL each of an aqueous phase and a preequilibrated 0.25 M TODGA organic phase were combined in a plastic centrifuge tube. Each centrifuge tube was then spiked with 10 μL of the 0.1 mCi/mL 22 Na stock solution and contacted on a vertical rotating wheel in a thermostated incubator maintained at 22 °C for one hour.
Samples were centrifuged for five minutes at 3000 rpm in a temperature-controlled centrifuge set at 22 °C to separate the phases. Aliquots of 0.3 mL were taken from each phase and pipetted into individual polypropylene tubes for counting on a Canberra Gamma Analyst Integrated Gamma
Spectrometer. Aqueous samples were counted for sixty minutes and organic samples were S5 counted for five minutes. The distribution ratios for each sample were calculated by dividing the organic phase count rate by the aqueous phase count rate. The final organic phase Na concentrations were calculated from the distribution ratio and initial concentration of Na in each sample. The results of all radiotracer experiments are provided in Table S3 . Organic phase water concentrations were determined using a Metrohm 831 Karl-Fischer coulometer.
All metal (radioactive and non-radioactive) and water analyses were performed in duplicate. The estimated uncertainty in the metal concentrations measured by ICP-OES is 2%.
The estimated uncertainty in the organic phase Na concentrations determined from 22 Na radiotracer experiments is 7%. The estimated uncertainty in the measured water concentrations is 2%.
Maximum Organic Phase Lanthanide Concentration
To determine the maximum amount of each lanthanide that could be dissolved in the organic phase before the appearance of a third phase, referred to as the limiting organic concentration (LOC), solvent extraction studies were performed as described in the previous section. A range of initial aqueous phase lanthanide concentrations was used such that a third phase was observed for at least one of the concentrations. For La, the third phase appeared as a thin liquid phase located above the aqueous phase and below the larger organic phase. For the other lanthanides, the third phase appeared as a pale white gel or waxy solid in the upper organic S6 phase. The initial aqueous phase concentrations were refined until the organic phase limit was determined to within an initial aqueous phase concentration of 2 mM. Once the conditions under which the LOC was reached were determined, ICP-OES was used to find the organic phase lanthanide concentrations.
Waters per Nitrate Calculation
The number of water molecules co-extracted into the organic phase with each lanthanide was calculated by subtracting the concentration of water associated with free TODGA from the total water concentration in each sample. This value was then divided by three times the concentration of each lanthanide to give the number of water molecules per nitrate. Free TODGA refers to TODGA molecules in the organic phase which are not directly coordinated to a central lanthanide cation.
This calculation relies on the following assumptions:
1. The average amount of water associated with each free TODGA molecule is constant and independent of free TODGA concentration 
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Organic Phase Water Concentration Data Table   Table S4 . Pr, Sm, Gd, Dy, Tm, Yb) were modeled using the large-core (LC) relativistic effective core potentials (RECP) and the corresponding basis sets. 5 The 4f shell was treated as a part of the core, leading to modeling lanthanide ion complexes in a pseudo singlet state configuration.
Frequency calculations were performed to ensure real vibrational modes for the minimum ground state structures and to provide zero-point energies (ZPE). ZPE and thermal corrections (T = 298.15 K) were added to the total energy to obtain the Gibbs free energy. Thermal contributions to the gas-phase Gibbs free energies were calculated using standard molecular thermodynamic approximations. 6 To correct for the well-known breakdown of the harmonic oscillator model for the free energies of low-frequency vibrational modes, frequencies lower than 60 cm -1 were raised to 60 cm -1 following the so-called quasiharmonic approximation. 7 Computations taking into account bulk solvent effects were carried out using the IEF-PCM (IEF) implicit solvation model with default settings. 8 All DFT calculations were conducted on the 1:3 lanthanide ion:ligand complexes with NO 3 -counterions. The hydrophobic n-octyl substituents present in experimental extractants (TODGA) were replaced by the ethyl groups, giving the corresponding N,N,N′,N′-tetraethyldiglycolamide (TEDGA) model ligands. This shortening of the ligand enabled us to significantly reduce the computational resources, because finding the most stable configuration of the complexes containing TODGA would be computationally prohibitively expensive. In addition, recent theoretical study shows that the chain length of hydrocarbon substituents has a little impact on the relative stability of actinide and lanthanide complexes. 9 The Gibbs free energy change for the competitive complexation of La(III) over Ln(III) was calculated using the approach described in our previous work on predicting stability trends along the Ln(III) series that was capable of reproducing aqueous selectivities arising from the variation in the size of the trivalent f-block metal ions. 10 The UCSF Chimera package was used for graphical visualization of the DFT optimized structures.
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Classical Molecular Dynamics Simulations
Classical molecular dynamics simulations were performed with the MedeA modeling suite 12 using the MedeA LAMMPS10 interface module. 13 We employed the non-polarizable enhanced PCFF forcefield 14 (PCFF+) with refined nonbonded parameters to reproduce densities and cohesive energies of molecular liquids in a fashion similar to that used in the development of the COMPASS forcefield. 6 The PCFF+ forcefield is able to accurately reproduce experimental densities (0.23%) and heats of vaporization (0.28%) (the mean absolute error is shown in parentheses) for a range of hydrocarbons. 15 Following our previous work, 16 keeping a formal charge of 3+ on the metal center and a negative charge on the nitrate counterion would most likely result in the displacement of neutral DGA ligands with nitrates, leading to complex geometries in the organic phase inconsistent with the recent EXAFS data. 16 A part of the problem is electron transfer effects that are very important for tripositive metal ions, but difficult to account for in the traditional polarizable and non-polarizable force fields. Therefore, these effects were not explicitly included in the majority of the published force fields for lanthanides, [17] [18] [19] with few exceptions 20 that were limited to Ln 3+ /An 3+ -water systems. The nonbonded Lennard-Jones (L-J) 9-6 parameters for all metal cations were selected to be the same as for a potassium cation K + (r o = 3.292 Å and ε = 0.4691 kcal/mol), which had no noticeable impact on the radial distribution functions presented in this paper. The Waldman and Hagler 6 th order combination rules were used for the off-diagonal L-J-9-6 parameters.
Nine systems were considered in our MD simulations in dodecane: Ln(TODGA) 3 .491554000 -2.206713000 C -2.563424000 -3.016165000 -3.223905000 H -3.105956000 -2.325107000 -2.572414000 C 1.703964000 -2.998468000 1.108340000 H 2.562639000 -3.506169000 0.650080000 H 1.147528000 -3.719038000 1.723671000 C 2.158178000 -1.814789000 1.959022000 C 3.725637000 -3.317485000 3.143626000 H 3.042799000 -4.133264000 2.888025000 C 3.455936000 -0.905963000 3.805685000 H 3.302236000 0.019602000 3.252394000 H 4.531038000 -1.000741000 3.973587000 O -2.486345000 0.559440000 0.069099000 O 1.760172000 1.886222000 -0.078477000 N -2.344662000 2.825800000 -2.761651000 N 3.616530000 0.487386000 -2.866022000 C -3.091273000 1.504717000 -0.814205000 C 2.846671000 1.915361000 -1.004310000 H -3.476421000 2.351164000 -0.228308000 H 3.794534000 1.907769000 -0.448297000 H -3.909116000 1.008294000 -1.357593000 H 2.766790000 2.825427000 -1.617686000 O -0.846918000 1.529912000 -1.663315000 O 1.801715000 -0.141614000 -1.668829000 N -3.241308000 -1.441029000 2.990500000 N 0.516414000 3.604655000 2.858658000 C -2.015914000 1.969979000 -1.781485000 C 2.731837000 0.674386000 -1.874468000 O -1.377673000 -1.026268000 1.765574000 O -0.090126000 1.749336000 1.703228000 C -3.686088000 3.414396000 -2.928710000 C 4.762052000 1.377050000 -3.128526000 H -4.406788000 2.808847000 -2.376791000 H 4.567612000 2.346513000 -2.666430000 C -1.300547000 3.254691000 -3.707567000 C 3.489774000 -0.714885000 -3.708038000 H -0.357670000 3.320288000 -3.160939000 H 3.150390000 -1.536468000 -3.073691000 C -3.355834000 0.172320000 1.130042000 C 
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